Abstract-This work reports the preparation of selfassembled chain-like ZnO nanostructures and investigation of their gas sensing properties. Chain-like ZnO nanostructures of high density and homogeneity were obtained by electrochemical anodization method. The structures were prepared on alumina, silicon and flexible substrates. Optical properties of the structures were investigated. Gas sensing properties of obtained structures have been tested in a wide range of operating temperatures and towards different gases.
INTRODUCTION
Wide band-gap semiconducting metal oxides such as ZnO, SnO 2 , TiO 2 , WO 3 are very attractive materials for detection of explosive, hazardous and toxic gases due to changes in conductance of these materials when oxidizing or reducing species in air chemisorbs onto their surface [1] [2] [3] [4] . Gas sensors based on metal oxide materials are one of the most investigated sensors because of their low cost and production flexibility [5] [6] [7] [8] . Among these materials ZnO with a wide direct bandgap (3.37 eV) and with a large exciton binding energy of 60 meV has been considered as a promising material for gas sensors [9] [10] [11] [12] . Investigations have shown that the variations of shape and size of nanostructured ZnO have enlarged its application possibilities and improved the functional properties. Therefore it is very important to control the size and the shape formation of nanostructured ZnO during the growth. Various physical and chemical fabrication methods have been developed to prepare nanometer-sized ZnO structures with different configurations [13] [14] [15] .
In this work we report a favorable method for obtaining of ZnO nanostructures by combining anodization and post-growth thermal annealing. Gas sensing properties of prepared structures towards ethanol, acetone, carbon monoxide and nitrogen dioxide were investigated.
II. EXPERIMENTAL

A. Preparation of the samples
Zn thin films were deposited on alumina, flexible Kapton HN and silicon substrates by means of RF magnetron sputtering. The pressure in the sputtering chamber was 4.3 10 -3 mbar and sputtering power was 50W during deposition. The substrates were not intentionally heated. The distance between the target and the sample was 7 cm and the deposition time was 35 minutes. The thickness of the Zn layer was 700 nm. ZnO nanostructures were obtained by electrochemical anodization of Zn thin films, followed by post-growth annealing.
Electrochemical anodization was carried out in twoelectrode system at room temperature by potentiostatic mode. The applied voltage was in the range 15-80 V. A platinum foil was used as a counter electrode. Ethanolic solutions of 0.5 and 2 M oxalic acid dihydrate (C 2 H 2 O 4 2H 2 O) used as electrolytes.
The thermal annealing of the samples was carried out in an atmosphere composed of 50% O 2 and 50% Ar at 400 o C for 4 h. Samples realized on flexible substrates were annealed at 350 o C for 8 h.
During the anodization the electrolyte was not stirred. After anodization the samples were washed in distilled water and then dried at room temperature immediately. The surfaces of the samples were not modified by Pt or other noble metals for catalysing surface reactions.
To investigate the gas sensing properties of the obtained structures Pt electrodes with the interdigital geometry and a Pt heater were deposited on the samples by means of RF magnetron sputtering. Before the preparation of the Pt heater a thin Ti-W adhesion layer was deposited.
B. Characterization of the Structures
X-Ray Diffraction (XRD) experiments were performed for structural analysis. The morphology of obtained structures was examined by means of scanning electron microscopy (SEM). The SEM was a LEO 1525 microscope equipped with field emission gun.
PL technique was used to investigate the optical properties of ZnO nanostructures at room temperature. PL spectra were measured using a He-Cd laser as light source at 325nm. Spectra were acquired perpendicular to the sample surface using a single monochromator (Spectra Pro 300i) gratingand a UV-enhanced Peltier cooled CCD camera (Acton). A filter placed before the entrance slit of the monochromator cut all wavelengths below 365 nm, thus getting rid of excitation light.
The chemical sensing characteristics of the nanostructures have been tested towards ethanol, acetone, carbon monoxide and nitrogen dioxide in the temperature range 100-500°C.
III. RESULTS AND DISCUSSIONS
XRD investigations were carried out on for the samples obtained on silicon substrates. XRD measurements are reported in Fig. 1 . The diffraction peaks of samples annealed at 400 o C can be indexed as a ZnO. Fig. 2 The shape and the distribution of nanofibers composed by nanoparticles do not depend on utilized substrates. The schematic diagram of ZnO nanostructures is in Fig. 3 . The diameter of nanoparticles can be tailored by selecting the applied voltage (Fig. 4) . The diameter of nanoparticles depends on anodization voltage is ranging between 35 and 75 nm. This local investigation is consistent also with XRD results, which indicate a similar average size for the crystalline domains. The length of chains is more than 1 m. 5 shows the PL spectra of the samples prepared on silicon substrates at 20 and 40 V. Both samples showed typical ZnO spectrum with a broad band in the visible range, ascribed in literature to surface defects, and less intense excitonic peak at 381 nm. The sample anodized at 40 V showed higher PL signal. Fig. 6 shows Pl spectra of the sample obtained on kapton HN substrates. The n-type ZnO nanostrucutres were sensitive towards ethanol, acetone and carbon monoxide. Fig. 7 reports the response of ZnO structures towards carbon monoxide (100-300-500 ppm) and acetone (25-50-100ppm) at 500°C. The plot showed high response and almost complete recovery of the signal. The structures were also sensitive towards ethanol. Fig 8 shows IV. CONCLUSION Our investigations show that the electrochemical anodization is very convenient method for preparation of ZnO nanostructures with controlled size and shape.
Chain-like ZnO structures composed by nanoparticles were successfully obtained on alumina, silicon and kapton HN substrates. The relation between size, morphology and the preparation parameters of the nanostructures was investigated. The diameter of nanoparticles was changed by variation of anodization voltage. The length of chains is more than 1 μm and the diameter of nanoparticles is from 35 to 75 nm. Anodization was carried out at room temperature then samples were crystallized by post-growth annealing.
PL spectra of the prepared structures showed typical ZnO spectrum: peaks intensity varies as a function of preparation 
